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ABSTRACT
Additive manufacturing changes the electrical breakdown properties of certain 3D-printed thermoplastics like
Acrylonitrile Butadiene Styrene (ABS), and when printed materials are presented with a high-voltage electrical
potential, electrical-arcing along the layered surface pyrolizes the material. This electrostatic property has been
harnessed to develop a High-Performance Green Hybrid Propulsion (HPGHP) technology that has capability for
reliable start, stop, and re-ignition. HPGHP operates reliably using gaseous oxygen (GOX) as the complementing
oxidizer; but has experienced reliability and ignition latency issues when GOX is replaced by Nytrox, a higherdensity blend of nitrous oxide and GOX. Ignition issues are overcome by infusing small amounts of ruthenium
catalyst into the base print feedstock. Catalytic-assist works by partially decomposing the incoming oxidizer to
release free oxygen in the upper section of the combustion chamber. This paper describes the catalyst infusion
process and filament production details. Results from static hot-fire tests are presented with baseline GOX/ABS
propellant tests being compared against Nytrox/ABS tests with and without catalytic additives. The catalyst additive
significantly increases ignition reliability, reduces ignition latency, and lowers the required ignition energy. The
catalyst-infused ABS fuels exhibit a slightly reduced performance level, as compared to GOX/ABS, but with
significantly increased system volumetric efficiency.
INTRODUCTION

Large, Slow
Maneuvers

Significant advances in the miniaturization of electronic
components have emerged during the first two decades
of the 21st century and have allowed spacecraft bus
sizes to shrink by nearly an order of magnitude.
Spacecraft as small as 25 kg now offer the sensing and
computational capability of a spacecraft weighing more
than several hundred kilograms from just a generation
ago. As a result, global interests in very small
spacecraft (SmallSats) have grown dramatically, and a
competitive commercial market has emerged during the
last decade.
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Figure 1: Current SmallSat Propulsion Trade
Space.

To date, SmallSats have primarily been used for
educational, technology demonstration, or other novelty
purposes. Small-scale spacecraft systems are currently
launched using a limited number of "ride-share" options
that rely on the excess payload capacity of the launch
vehicle. These ride-share options offer secondary
payload satellite customers little or no control over the
launch schedule and the achieved final orbit. In order to
reach specific orbits and fulfill a broader range of
missions, SmallSats require a low-cost, reliable, highperforming, safe, and preferably "green" propulsion
unit is required to re-position the spacecraft properly;
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On the Need for a "Green" Replacement for
Hydrazine for SmallSat Propulsion Systems.
Unfortunately, SmallSat technology development has
primarily centered on spacecraft bus design and
miniaturization of sensor components. Generally, the
propulsion industry has not kept pace with the bus
avionics growth trend. With the current state of
SmallSat propulsion systems, only a few space
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propulsion options are available to the systems
designer. Figure 1 shows the current state of CubeSat
propulsion systems with flight heritage. Systems based
on hydrazine monopropellant are by far the most
commonly used. Unfortunately, hydrazine is highly
toxic, potentially explosive, and environmentally
unsustainable.

Finally, hybrid rocket systems also offer higher
performance than hydrazine-based systems, and their
inherent-design safety offers a significant potential for
ride-share spacecraft applications.
However, despite these well-known safety and handling
advantages; conventionally designed hybrid rocket
systems have not seen widespread commercial use due
to the traditional lack of a reliable multiple-use ignition
system. Because of the relative propellant stability,
hybrid rocket systems can be difficult to ignite; and a
substantial ignition enthalpy source is required. The
ignition source must provide sufficient heat to pyrolize
the solid fuel grain at the head end of the motor, while
simultaneously providing sufficient residual energy to
overcome the activation energy of the propellants. Such
high-energy devices often come with a suite of
environmental and objectives risks, and operational
challenges.

With a growing regulatory burden, the associated
infrastructure requirements for hydrazine transport,
storage, servicing, and clean up resulting from
accidental releases, are rapidly making the use of
hydrazine cost prohibitive. A recent study by the
European Space Agency Space Research and
Technology Center (ESTEC)1,2 identified "reduced
production, operational, and transport costs associated
with lower propellant toxicity/explosion hazards...," as
an essential operations change required for achieving
low-cost commercial space access developing a nontoxic, stable “green” alternative for hydrazine was
highly recommended.3 Both the USAF4 and NASA are
actively involved in the development of green
alternatives to hydrazine. NASA recently sponsored the
"Green Propellant Infusion Mission", that used an
ionic-liquid-based monopropellant (AF-M315E) for the
core propulsion system.5

Most conventional hybrid rocket applications have used
high output pyrotechnic or “squib” charges to initiate
combustion. Pyrotechnic charges are extremely
susceptible to the Hazards of Electromagnetic Radiation
to Ordnance (HERO),7 and large pyrotechnic charges
present a significant explosion hazard that is
incompatible with ride-share opportunities. Most
importantly, for nearly all applications, pyrotechnic
ignitors are designed as "one-shot" devices that do not
allow a multiple restart capability. Thus the great
potential for restartable upper stages or in-space
maneuvering systems using hybrid propulsion remains
largely unrealized. An operational hybrid system with
multiple restart capability does not currently exist.

A useful "green" replacement for hydrazine must be
sufficiently chemically and thermally stable to allow
technicians and engineers to safely work with the
propellant in normal "shirt-sleeve" commercial
environment but must reliably combust and have good
performance properties. Cryogenic or high freezing
point propellants requiring temperature control are not
appropriate for space propulsion applications. Although
mass-specific impulse is important, volume-specific
impulse (density impulse) is an even more important
consideration, and a high propellant storage density is
preferred.

High Performance
Technology

Hybrid

Thruster

In response to the hybrid ignition challenge, over the
past decade the Propulsion Research Laboratory at Utah
State University (PRL-USU), and the Space Dynamics
Laboratory (SDL) have actively teamed to develop a
High Performance Green Hybrid Propulsion (HPGHP)
technology as a safe and environmentally-sustainable
replacement for hydrazine across a wide range of
applications. HPGHP is enabled by recent advances in
3-D printing and leverages unique electrical breakdown
characteristics of certain 3D-printed plastics, most
prominently acrylonitrile butadiene styrene (ABS).
Additive manufacturing changes the electrical
breakdown properties, and when printed materials are
presented with an inductive electrical potential,
electrical-arcing along the layered surface pyrolizes
material and seeds combustion when an oxidizing flow
is introduced.8

Hybrid Propulsion as a "Green" Alternative for InSpace Propulsion.
In response to this emerging need for environmentallysustainable in-space propulsion systems, hybrid rocket
systems have emerged as a potential alternative to
traditional toxic-propellants. When compared to
conventional liquid- and solid- propelled rocket
systems, hybrid rockets -- where the propellants
typically consist of a benign liquid or gaseous oxidizer
and an inert solid fuel -- possess well-known
operational safety and handling-advantages. A study by
the U.S. Department of Transportation concluded that
hybrid rocket motors can be safely stored and operated
without a significant risk of explosion or detonation,
and these motors offer the potential to significantly
reduce operating costs for commercial launch vehicles.6
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This property has been developed into a proprietary,
power-efficient system that can be cold-started and
restarted with a high degree of reliability. Multiple
prototype units with thrust levels varying from less
than1-N to greater than 900 N have been developed and
tested.9,10,11 Typical startup sequences require less than
2 joules, and, once started, the system can be
sequentially fired with no additional energy inputs
required.

acrylonitrile butadiene styrene (ABS) as the fuel. The
GOX/ABS propellants are highly mass efficient system,
with a flight weight 25 N thruster system achieving
vacuum specific impulse (Isp) greater than 300 seconds.
Unfortunately, unless stored at very high pressures,
GOX has a low specific gravity and is a volumetrically
inefficient propellant. A higher density “green”
alternative to GOX is highly desirable.

The patented system12 has been scaled over a large
range with successful prototypes with thrust levels
varying from 5 to 900 N having been tested.7 Multiple
oxidizers including gaseous oxygen (GOX), nitrous
oxide (N2O), hydrogen peroxide (H2O2), enriched air
(EAN40), and Nytrox have been successfully tested
with the HPGHP system. Nytrox is a "green" blend
GOX and N2O and is similar to the laughing gas used
for medial anesthesia applications. A flight-weight 25N thruster system was extensively vacuum tested.13
On 25 March 2018, a flight experiment containing a 10N prototype of this thruster system was launched
aboard a two-stage Terrier-Improved Malemute
sounding rocket from Wallops Flight Facility. The
launch achieved apogee of 172 km, allowing more than
6 min in a hard-vacuum environment above the VonKarman line. The thruster was successfully fired five
times, and Whitmore and Bulcher (2018) 14 report the
results of this flight test experiment.

a) Fuel Grain Head-End with Ignition Electrodes

Figure 2 presents the details of the 10-N flight-weight
thrust chamber assembly. In flight-weight form, the
HPGHP system uses a 3D-printed Acrylonitrile
butadiene styrene (ABS) fuel grain with a cylindrical or
helical center port that acts as the combustion chamber.
Electrodes are embedded into the top of the printed
fuel, and an inductive charge imparted to these
electrodes provides the pyrolytic ignition source. Figure
2(a) shows the motor head-end fuel-grain assembly.
Figure 2(b) shows the external motor case assembly,
and Figure 2(c) shows a detailed thrust chamber
schematic. Oxidizer flows longitudinally through an
injector in the motor head end and burns with pyrolyzed
fuel along the length of the fuel grain. Components
shown by Figure 2 include: i) graphite nozzle, ii) nozzle
retention cap, iii) motor case, iv) 3D-printed fuel grain
with embedded electrodes, v) insulating phenolic liner,
vi) chamber pressure fitting, and vii) single-port
injector cap. The 38-mm diameter motor case is
constructed from 6061-T6 aluminum and was procured
commercially.15

b) External Motor Case Assembly

c) Schematic of Thrust Chamber Assembly
Figure 2. 10-N Flight-Weight Thruster System Details.

On the Need for Higher-Density Hybrid Oxidizers

Nytrox as a Drop-in Replacement for GOX

In its most mature form, the HPGHP system uses
gaseous oxygen (GOX) as the oxidizer with 3D-printed

Karabeyoglu investigated the advantages of using of
varying nitrous oxide and oxygen blends for use as
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oxidizers for hybrid rockets.16 Because of its relatively
higher density as compared to GOX, Nytrox would be
the preferred option for a flight system. Karabeyoglu
investigated a theoretical system using paraffin and a
nitrous oxide and oxygen blend in larger launch
vehicles.

that the N2O can be effectively decomposed by a
variety of catalysts, decomposing the two-phase liquid
into oxygen and nitrogen gas with substantial heat
release. More than 50 different catalysts have been
tested with the effectiveness of high atomic weight
metals being demonstrated.

In a manner analogous to the creation of soda-water
using dissolved carbon dioxide, Nytrox is created by
bubbling GOX under pressure into N2O until the
solution reaches saturation. Like pure nitrous oxide,
Nytrox offers the advantage of being self-pressurizing
but with a significantly reduced risk (by three orders of
magnitude) of an uncontrolled decomposition
reaction.17 Oxygen in the ullage dilutes N2O vapor and
increases the required decomposition energy barrier by
several orders of magnitude. Thus, risks associated with
inadvertent thermal or catalytic N2O decomposition are
virtually eliminated, offering increased safety during
handling and testing when compared to many other
oxidizers and fuels for small satellite propulsion.

In a typical application for nitrous oxide decomposition
the external catbed to be effective, catalysts must be
externally heated to high temperatures, often exceeding
300 ̊ C. For in-space application this required pre-heat
energy would have a significant impact on the total
spacecraft energy budget.
Wilson et. al. (2011)23 used ruthenium on alumina
catalyst (Ru/Al2O3) catalyst to achieve a single-use,
non-pyrotechnic ignition of a nitrous oxide hydroxylterminated butadiene (HTPB) rocket motor. These
authors used an external catbed heated to temperatures
in excess of 350 oC in order to produce decomposition
energy to ignite the hybrid motor.
Hendley, et al.24 used a spark plug in the catbed to
apply the activation energy.13 Their catalyst bed has a
tee junction where the nitrous oxide flows first past the
spark plug where the activation energy is input, then
through the catalyst where it decomposes
spontaneously. Their results show that there are feasible
methods to apply the activation energy without using a
heater.

Whitmore and Stoddard (2019),18 Stoddard (2019),19
and Whitmore (2020)20 present an in-depth description
of the preparation and testing of a specific mixture of
Nytrox called Nytrox 87. Nytrox 87 is a very stable and
safe form of Nytrox where the liquid is 87 percent
nitrous oxide and 13 percent dissolved oxygen. Nytrox
87 is offered as a "drop-in" replacement for GOX in the
existing 10-N system. In their work, Whitmore and
Stoddard demonstrate that Nytrox as an effective
replacement for GOX, exhibiting a slightly reduced
specific impulse but with significantly higher
volumetric efficiency. Vacuum-specific impulse tests
exceeding 300 seconds are reported.

In addition to the required pre-heat energy cost,
external catbeds are heavy and volumetrically
inefficient. They add significantly to the spacecraft drymass without increasing propulsive efficiency. As a
final issue, catbeds often self-consume at the high
temperatures necessary for efficient decomposition
action. There is universally a limited operating lifetime
for these types of high atomic weight metal catalysts.

The primary issue associated with using Nytrox as a
replacement for GOX as a hybrid oxidizer is a
significant increase in the cold-start ignition latency and
re-start ignition reliability. Whitmore and Frischkorn
(2020)21 investigated this issue and concluded the
higher Nytrox latency correlates strongly with the run
tank storage temperature and pressure, and the mass
fraction of oxygen in the Nytrox solution. Because of
the reduced oxygen levels at warmer temperatures, it
takes longer for the combustion chamber oxygen
concentration to build to the critical level required for
ignition. It appears that super-chilling the Nytrox
solution may be an effective engineering practice for
reducing the observed ignition latencies using Nytrox.
Because these Nytrox response latencies have not been
fully characterized, the authors recommend the latency
issue as a point of emphasis for further study.

Proposed Solution
This presented research will develop a potential
solution to this issue. This paper summarizes the
research and development campaign. More detailed
description of this research can be found the master’s
thesis of Kurt Olsen25. Preliminary tests indicate that
small amounts of catalytic material can be infused in a
base ABS feedstock material, allowing the production
of print filament without adversely affecting the 3-D
printing properties and behavior. The infused catalyst
enhances ignition reliability; thus, eliminating the need
for an external catbed. This paper describes the infusion
process and the filament production details. Required
modifications to a Fused Deposition Manufacturing
(FDM)-style of printer to allow efficient printing using
the infused feedstock are also presented.

Catalytic Decomposition of Nitrous Oxide
Previous studies by Zakirov et. al.22 investigating
Nitrous Oxide as a monopropellant have demonstrated
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Knowing the nozzle throat area A* and the plume
exhaust gas properties, the nozzle exit (total) mass flow
at each time point was calculated from the measured
chamber pressure time history P0, using the 1dimensional choking mass flow equation,26

Results from a series of static hot-fire tests will be
presented. To establish the performance baseline, test
results for a traditional lab-scale HPGHP arc-ignition
thruster using GOX/ABS as propellants will be
presented first. Second, static-fire results using Nytrox
as the oxidizer with a traditional external Ru/Al2O3
catalyst will be presented. Here, the catbed acts as a
catalytic assist with arc-ignition being the primary
ignition source. Nytrox is simply a dense blend of
nitrous oxide and GOX. Finally, test results using the
catalyst infused fuel and Nytrox will be presented. Test
results are compared showing that the catalyst-infused
fuels exhibit a slightly reduced performance level but
with a significantly increased overall system volumetric
efficiency.

(3)
The calculation of Equation (2) assumes the flow
composition is frozen at the nozzle entrance,14 and
nozzle erosion during the burn.
A table of thermodynamic and transport equilibrium
properties of the GOX/ABS and Nytrox/ABS exhaust
plumes were calculated using NASA’s industry
standard Chemical Equilibrium code (CEA)27 with
chamber pressure P0 and mean O/F ratio as independent
look up variables for the tables. For each data point in
the burn time history, the two-dimensional tables of
thermodynamic and transport properties were
interpolated using chamber pressure P0 and mean O/F
ratio as lookup variables. Calculated parameters
included the gas constant Rg, ratio of specific heats γ,
and flame temperature T0. Defining the combustion
efficiency as:

ANALYTICAL METHODS
The analysis used to investigate the performance of the
catalyst-infused fuel grains in this paper is the same
analysis used by Whitmore and Stoddard (Refs. [18],
[19], [20]) in the research of Nytrox as a drop-in
replacement of GOX in the HPGHP system. The
analysis section is reproduced with permission of the
author.
This section details the analytical methods that were
used to calculate key derived-parameters from the raw
test data. These mass-flow based calculations include:
(1) oxidizer mass flow, (2) mean fuel regression rate,
(3) oxidizer-to-fuel ratio, (4) mean fuel port diameter,
(5) oxidizer massflux, (6) total massflux, (7)
equivalence ratio, and (8) specific gravity. Key
performance parameters calculated from the raw data
include: (1) combustion efficiency, (2) thrust
coefficient, (3) specific impulse, (4) characteristic
velocity, and (5) impulse density. The following section
detail how these calculations were performed. The
presented calculations for regression rate, fuel port
diameter, and massflux are valid only for the
longitudinal averages. There is no attempt to spatially
resolve these parameters along the length of the fuel
port.

(4)

The theoretical flame temperature was scaled by
adjusting the combustion efficiency:
(5)
such that the calculated fuel mass consumption over the
burn:

Although the inline Venturi measures the oxidizer mass
flow in real-time, the test stand was not configured to
directly measure the fuel mass flow. Instead, before and
after each hot-firing the fuel grains were weighed to
give the total fuel mass consumed during the test. As
will be described later in this section, these mass
measurements were used to anchor the “instantaneous”
fuel mass flow rates, calculated as the difference
between the nozzle exit and oxidizer mass flows:

(6)
matched the measured value from differences of the
pre- and post-test weight measurements. As described
earlier, the consumed fuel mass anchored the
thermodynamic calculations.
Adjusting input combustion efficiency upwards has the
effect of increasing the calculated fuel mass
consumption, and downwards decreases the calculated
fuel mass consumption. The calculations of Equations
(2)–(6) were iterated, adjusting η* after each iteration,
until the calculated fuel mass matched the measured

(2)
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mass within a prescribed level of accuracy, in this case
0.5%. For each iteration, the time-averaged oxidizer-tofuel ratio was calculated as integrated oxidizer mass
flow divided by the consumed fuel mass:

The time-averaged- oxidizer mass flux, total mass flux,
equivalence ratio, and effective specific gravity of the
propellants are estimated by:

(7)
(13)

The thruster system to be tested exhibited very little
O/F ratio shift over the burn lifetime. Thus, the
assumption of a constant O/F ratio based on the total
consumed masses had very little effect upon the
presented results. Clearly, for propellants or thruster
systems that exhibit a significant O/F shift, the
presented method must be modified with the O/F being
calculated as a function of time based upon the
instantaneous mass flow calculations. The timeaveraged O/F method was used to reduce the
complexity of the implemented model and also aid for
numerical convergence.

and
(14)
For this discussion, the specific gravity is calculated
based on the propellant density relative to the weight of
water at 20 °C. For GOX flow, the specific gravity is
based on mean tank storage density as calculated using
the ideal gas law. For Nytrox flow the Peng–Robinson
model was used to calculate the oxidizer specific
gravity. As shown by Table 1, the ABS fuel print
density was approximately 1.04 g/cm3. The
stoichiometric O/F ratio for each propellant
combination was calculated using CEA.15

Once the mass flow and consumed masses were
calculated as described above, the instantaneous
longitudinal mean of the regression rate was calculated
from the rate of fuel mass depletion as:

The 1-dimensional de Laval flow equations (Ref. [26])
were used to calculate the thruster performance
parameters. Thrust and thrust coefficient were
calculated from chamber pressure as:

(8)
In Equation (8) ρfuel is the solid fuel density, L is the
fuel grain burn length, and rL is the longitudinal mean
of the fuel port radius. Integrating Equation (8) from the
initial condition to the current burn time solves for the
instantaneous longitudinal mean of the port radius and
cross-sectional area:
(9)

(15)

(10)
In Equation (10) r0 is the initial fuel port radius at the
beginning of the burn. The terminal cross sectional area
of the fuel port is:
(11)

(16)
Specific Impulse, Characteristic Velocity, and Impulse
density were calculated as:

The time-averaged fuel regression rate over the
duration of the burn is calculated by:

(17)

(12)
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Test Stand Apparatus
(18)

The tests will be conducted with the thrusters mounted
on a test stand apparatus. The thruster hardware is the
same legacy HPGPH hardware shown in Figure 2. The
only modification made is decreasing the nozzle throat
diameter to achieve a lower 8 N thrust level. The
thruster is mounted to a test stand. The test stand
consists of an inverted pendulum with longitudinal
flexures mounted on a rolling cart.

(19)
In Equations (17) and (19) g0 is normal acceleration of
gravity at sea level, 9.8067 m/s2. The thrust coefficient
CF and specific impulse Isp were also calculated directly
from the thrust sensed by the test stand load cell.
Values calculated from both sources will be presented
later in order to support the verisimilitude of the
collected test data.

The inverted pendulum is created by mounting a T-slot
bar on two slim aluminum flexures. The aluminum
flexures allow elastic deformation to transfer the thrust
to the load cell. The load cell is attached to the sled and
a solid beam by two ball joint connections. This allows
thrust to only be measured in a single axis.

CATALYST-INFUSED FUEL GRAIN
The catalyst-infused fuel grain (CatGrain) uses custommade 3D printer filament that is an ABS base infused
with the ruthenium on alumina pellets that have been
ground up into a powder.

Pressure transducers are also included in the plumbing
to take pressure measurements in the oxidizer lines
directly before the injector and in the chamber. These
pressures are critical for mass flow, thrust, specific
impulses, thrust coefficient, and characteristic velocity
calculations.

The CatGrain decomposed the nitrous oxide component
of the nytrox directly in the chamber, eliminating heat
loss during flow from an external catbed. It also
improves on a traditional catbed by evenly distributing
the catalyst throughout the fuel grain. This approach
ensures that there will always be catalyst available for
ignition if there is fuel available. The complexity of the
system also decreases as it is a true drop-in replacement
of the GOX-ABS system. The CatGrain will be tested
using 1% and 2% catalyst by weight. Additionally, a
CatGrain will be created using 0.25% pure ruthenium
as an additive as opposed to ruthenium on alumina
catalyst pellets used in the 1% and 2% catalyst fuel
grains.

The high voltage power supply monitors the output
voltage and current used for ignition. The nytrox mass
flow is measured using a scale that communicates with
the LabVIEW program via a serial connection.
CatGrain Manufacturing
The catalyst-infused filament feed stock extrusion and
manufacturing process is critical to the development of
a Nytrox propulsion system that can be a simple drop-in
replacement of a GOX propulsion system without
ignition latency or increased ignition energy.

CATGRAIN TEST CAMPAIGN DESCRIPTION
This section describes the tests and procedure used to
produce and test the CatGrains. The testing will focus
primarily on comparing varying degrees of catalyst
infusion. The expected test range will be from 0% to
2% catalyst by weight with an additional set of tests
using a CatGrain infused with 0.25% pure ruthenium.

The first step is to dissolve the ABS in acetone to create
an ABS slurry. If there is not enough acetone, the slurry
is difficult to stir and handle. If there is too much
acetone in the slurry, then it is too runny, and the ABS
sheet is too then when the acetone evaporates. Through
trial and error, the ratio is 6 ml of acetone for every
gram of ABS.

Each infusion degree will be tested multiple times to
collect data on several ignitions, short duration burns,
and a single long duration burn. This comparison will
show the effects of varying catalyst infusion with
respect to ignition energy and ignition latency, as well
as providing valuable data verifying that the infusion
does not significantly impact thruster performance.
These results verify the improvement of direct ignition
of the Nytrox/ABS using the CatGrain as opposed to
pure ABS.
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Before use, it is important that the powdered catalyst
(or any additive) be passed through a sieve with grates
smaller than the extrusion nozzle used on the 3D
printer. This significantly reduces clogging during the
printing phase. Additionally, the finer powder suspends
more evenly and settles slower in the ABS slurry.
After the ABS is completely dissolved in the Acetone,
the desired amount of milled catalyst powder is mixed
into the slurry. The slurry is immediately poured out
onto a silicon sheet to prevent the ABS from sticking as
the acetone evaporates. The catalyst powder settles
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somewhat as the acetone evaporates; however, a fairly
wide sheet ensures that although the powder settles, the
catalyst is still distributed evenly throughout the ABS.

only needs to run for ten seconds. Due to the small size
of the mill’s chamber, several runs are required to mill
enough material for a single spool of infused ABS
filament. In previous attempts, unmilled ABS would
not pass through the feed system auger of the Filabot.

When the acetone has evaporated to the point that the
ABS is rigid (as shown in Figure 3), then the ABS sheet
can be cut into smaller sheets that are more manageable
for the bake out acetone evaporation. The smaller
sheets are then baked out in an oven overnight to
evaporate the remaining acetone. For the overnight
bake out, the oven is set to 80°C, which is the glass
transition temperature of ABS. This allows the acetone
to exit through the softened surface of the ABS sheets
but prevents the sheets from deforming significantly.

Once the additive-infused ABS is in pieces that are fine
enough to be fed through the Filabot by the auger, the
filament extrusion process can begin. The filament
extrusion process is simple. The extrusion nozzle
temperature is set to 180°C, which is within the
standard range of extrusion for ABS. Figure 4 shows
the Filabot Ex2 extruder prepared for filament
extrusion.

Figure 2: Sheet of ridged ABS in silicon sheet after
initial acetone evaporation.

Figure 3: Filabot Extruder with set extrusion
temperature and filled hopper.

In previous iterations of the manufacturing process, the
bake out period had been omitted or shortened.
Omitting the bake out completely results in unusable
filament as mentioned previously in this section.
Additionally, the acetone causes the ABS to soften at a
lower temperature, causing difficulty in feeding the
ABS pieces from the hopper of the Filabot to the
extrusion nozzle. A shortened bake out period results in
acceptable filament but rough and poor density. As the
filament goes through the hot end of the 3D printer,
which is hotter than the filament extrusion nozzle, the
last bit of acetone evaporates. This causes the final print
to have a low density and a rough finish on the surface.

The extrusion process is coupled with the spooling
process. The filament extrudes from the extrusion
nozzle at a rate controlled by the feed auger speed. The
filament goes from the extrusion nozzle to the spooling
apparatus. The hot filament cools as it moves through
the air between the extruder and the spooler. The
spooling speed can be set independent of the extrusion
speed. Care must be taken during the extrusion process
to ensure the spooling speed matches the extrusion
speed well or the filament can drag on the table and
draw too thick or carry too much tension and draw too
thin.
When stock ABS pellets are used for filament
extrusion, the speed is fairly constant and few speed
adjustments are necessary during the filament extrusion
process. Due to the bubbles and pockets in the ABS
sheet left behind by the evaporated acetone, the density
is not as consistent through the ABS pieces in the
hopper. The shredder aids somewhat in pressing out the
bubbles, however the density inconsistencies remain.
Issues due to the density inconsistencies in the
extrusion material can be mitigated by closely
monitoring the extrusion process and maintaining the
proper tension in the filament between the extrusion

After the ABS sheets have been baked out, they are put
through a modified cross-cut paper and credit card
shredder. The modifications on the shredder allow the
ABS sheets, which are sometimes thicker than
originally allowed through the shredder, to be fed
through the shredding blades. The cross-cut feature of
the shredder cuts the ABS pieces small enough to be
put through the mill.
A mill is used to cut and grind the ABS pieces even
smaller so that they can be effectively sent through the
hopper and auger feed system of the Filabot. The mill
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nozzle and the spooler. Figure 5 shows the Filabot setup
during the filament extrusion process.

adhesion between the print and the print bed. These
issues are, to some extent, exaggerated in custom-made,
additive-infused ABS feed-stock filament.
To combat the loss of adhesion, a thin coat of ABSacetone slurry is applied to the print bed after it has
reached temperature. The slurry is prepared with low
ABS to acetone ratio. The exact ratio has little effect on
the performance, but a thinner slurry lends itself well to
application to the printer bed. A paintbrush is used to
apply the think coat to the printer bed. The acetone in
the slurry evaporates quickly off the heated bed, leaving
a thin layer of softer ABS. The ABS from the printer
extrusion nozzle adheres much better to the residual
ABS from the slurry than it does directly to the glass
bed.

Figure 4: Filabot extruder and spooler during
extrusion process.

Due to the additives, an alternative extrusion nozzle for
the printer hot end is used. Printers can use varying
nozzle sizes, typically from 0.2mm to 1.0mm. To allow
any potentially large catalyst particulates to pass
through the nozzle without issue, a 1.0mm nozzle is
used. This provides some particulate size margin as the
sieve that the catalyst powder is passed through has a
mesh hold diameter of 0.76mm. This ensures that
nozzle clogging due to additive particulate size is not an
issue during printing.

After the catalyst-infused filament has been extruded
and spooled, then it can be loaded in the the printer for
the fuel grain printing. The printer used is the Creality
Ender 3 Pro. A custom case is used to maintain the
printer temperatures. The catalyst-infused ABS prints
best from 230 to 240 °C, which is the upper operational
range of the printer components. The printer bed is set
to 80 °C. Figure 6 shows the printer setup during a
print.

Hot-fire Test Procedure
This section describes the procedure used for the hotfire tests. Additionally, the test matrix is presented. All
hot-fire tests are conducted in the test cell at USU PRL.
Each test is recorded to observe any visible anomalies,
should they occur.
The liquid Nytrox used to supply the thruster is
maintained between 89% and 83% Nytrox by keeping
the tank at 0 °C and checking the tank pressure and
mass before each testing set and verifying the oxygen
dissolved in solution using the Peng-Robinson model as
described by Whitmore.11
The first set of fuel grains tested were all pure ABS
grains. A set of GOX/ABS baseline tests were
conducted to achieve a full comparison between the
CatGrain and the GOX/ABS baseline system. The rest
of the ABS fuel grains were tested with Nytrox as the
oxidizer.
After the GOX/ABS and Nytrox/ABS baseline tests, the
CatGrains were tested with Nytrox in order of
increasing catalyst infusion. Nozzle erosion and mass
burned were observed for each fuel grain between every
individual test.

Figure 5: Creality Ender 3 Pro printer in custom
case.
A common issue when printing any type of ABS feedstock filament is warping and bed adhesion. Due to the
thermal properties of ABS, it is more prone to warping
during printing than other common 3D printing
materials. The warping can easily result in loss of
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The hot-fire test conducted for each fuel grain type is
shown in Table 1. For each fuel grain type, at least four
short ignition burns of three seconds were completed
across two fuel grains. The last fuel grain was burned
for a single eight second burn as a performance test.

operational range of O/F for all tests in the test
campaign. The peaks in the curves for each propellant
combination shows the optimal O/F ratio for the best
performance. The GOX curve is shifted to the left from
the Nytrox curves which indicates a lower O/F ratio for
best performance than the Nytrox propellant
combinations. Also of note is that when the motors are
operating at identical design conditions and have
similar O/F ratios, the C* curves intersect indicating
performance can be better with Nytrox than GOX,
despite GOX being a better oxidizer and having a
higher peak C*. It also shows that little difference can
be expected between the CatGrain motor with regards
to C* performance.

Table 1: CatGrain Test Campaign Matrix
Grain
Composition

No. of
Grains

Ignition Tests

Performance
Tests

ABS/GOX
Baseline

3

4x3 seconds (2
grains)

1x8 seconds (1
grain)

ABS/Nytrox
Baseline

3

4x3 seconds (2
grains)

1x8 seconds (1
grain)

1% Ru/Al2O3

3

4x3 seconds (2
grains)

1x8 seconds (1
grain)

2% Ru/Al2O3

3

4x3 seconds (2
grains)

1x8 seconds (1
grain)

0.25% Ru

3

4x3 seconds (2
grains)

1x8 seconds (1
grain)

Thruster Operation Parameters
This section discusses the operation parameters of the
thrusters used for all tests. As will be discussed in the
next section, the nozzle erosion led to some variability
in the GOX/ABS tests, however, the parameters of the
test setup overall were standard across all tests. Table 2
shows the hardware and flow parameters.
Table 2: CatGrain test Campaign Motor Parameters
Parameter

Nominal Value

Thrust

8N

Injector Diameter

0.118 cm

Nozzle Throat Diameter

0.237 cm

Injector Feed Pressure

250 psia

Figure 6: Characteristic velocity as a function of O/F
and the campaign operation O/F ratio
Nozzle erosion was observed in GOX/ABS tests which
impacts the C* performance in the GOX/ABS tests, and
this erosion leads to lower chamber pressures. After the
O/F increases beyond the optimal mixture, the
performance becomes increasingly dependent on
pressure. Figure 7 shows the C* for both GOX/ABS
and Nytrox/ABS at pressures varying from 40 to 800
psi. The fuel-rich portion of both curves before the peak
contains little variation between the individual pressure
curves. At and beyond the optimal O/F for each
propellant combination the C* decreases noticeably
with decreasing chamber pressure.

Maintaining standard parameters (as shown in the table
above) provide uniformity and ease through the testing
campaign; however, it does present a new issue of
oxidizer to fuel (O/F) ratio. The flow rates through the
injector are similar between GOX and Nytrox. This
leads to similar O/F ratios for both motors; however,
GOX and Nytrox have different optimal O/F ratios with
respect to performance. The operational O/F is between
the optimal O/F of GOX and Nytrox but is more
favorable for the Nytrox system. This causes the
characteristic velocity (C*) results to show higher
values in the nytrox tests than the GOX tests. This
would not be the case for motors using the optimal O/F
in both cases. The C* is a good metric for motor
performance as a higher C* value for a motor relates to
higher combustion efficiency.
Figure 7 shows the theoretical C* for each fuel grain as
a function of O/F. The vertical lines show the
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Figure 7: Characteristic velocity as a function of O/F
and the campaign operation O/F at varying pressurs
from 40-800 psia for both GOX/ABS and
Nytrox/ABS.

Figure 8: Comparison of measured thrust to
calculated thrust from chamber pressure.
Nozzle erosion was less prevalent in the Nytrox burns
of the campaign. The Nytrox/ABS did not exhibit any
nozzle erosion in the long-duration burn. The test using
the 1% CatGrain labeled ABSC1-4 with Nytrox did
show erosion near the end of the long-duration burn. No
other fuel grains showed any noticeable nozzle throat
erosion.

Figure 8 also shows that more variation is expected
with pressure in GOX/ABS tests than in Nytrox/ABS
tests. This is because the operating O/F for the
campaign contains the lean portion of the GOX/ABS
C* curve and the rich portion of the Nytrox/ABS curve.
The operating O/F combined with the nozzle throat
erosion provide a two-faceted decrease in performance
for the GOX/ABS motor which could lead to inaccurate
assessment of the test results if not acknowledged.

A potential cause of the nozzle erosion, in the case of
fuel grain ABSC1-4, is the additives in the fuel grain. If
the catalyst pellets were not milled sufficiently, larger
pieces of the alumina that were still able to pass through
the 3D printer extrusion nozzle could have impacted the
walls of the nozzle through, which opened it up over
time. Unfortunately, no reliable conclusion can be
drawn with regards to the nozzle erosion in with
ABSC1-4 with Nytrox burn because it was not
observed in any other CatGrain tests.

RESULTS AND DISCUSSION
Again, referring to Figure 7, the GOX/ABS motor is
operating in a fuel-lean regime. This leads to an
oxidizing environment in the combustion chamber and,
more importantly, in the throat. Additionally, the flame
temperature is higher during a lean burn. The
temperature increases at the nozzle throat.

CatGrain Results

In this motor configuration, the nozzle is constructed
from graphite. Graphite is used because of its high heat
conduction. typically, the high heat conduction transfers
the heat out of the small throat section to the rest of the
nozzle body, preventing the throat from burning and
eroding. The high temperature and oxidizing
environment cause the nozzle throat to begin eroding
despite the thermal properties of the graphite.

This section presents the results of the CatGrain test
campaign. First, the performance results are presented.
As mentioned earlier, the performance of the
GOX/ABS tests are significantly hindered by the
operation O/F ratio and the nozzle erosion, which is the
cause of some unexpected results. Next, the ignition
performance results are presented. The ignition
performance parameters presented for all motors is the
ignition energy and the ignition latency.

In this test campaign, nozzle erosion is clearly present
during the long duration burns of GOX/ABS. Given the
operating O/F of the system, it is expected that the
GOX/ABS would display significant nozzle erosion.
Figure 9 shows a GOX/ABS burn exhibiting significant
erosion. The difference between measured thrust and
calculated thrust is an indication of nozzle erosion.

Burn Performance
The measured and calculated performance parameters
that are presented are specific impulse (Isp),
characteristic velocity (C*), and oxidizer to fuel ratio
(O/F).
As shown in the following figures, the measured
performance of each propellant combination does not
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necessarily correlate with the catalyst-infusion percent.
Figure 10 shows the average operation O/F for each
ruthenium percentage. There is some variation in the
O/F for each infusion amount; however, overall, there is
not a strong correlation between the O/F and the
catalyst infusion amount. However, the slight decrease
in O/F with ruthenium infusion could be due to an
increased regression rate caused by the increase in
conductive metal particles in the fuel grain.

Figure 11: Characteristic velocity trend with
catalyst infusion.
Ignition Performance
As hypothesized, the ignition performance is more
directly related to the ruthenium infusion percentage of
the CatGrain. The two primary ignition parameters
investigated are the ignition energy consumed and the
ignition latency between the opening of the run valve
and the onset of combustion in the motor.

Figure 9: O/F trend with ruthenium infusion.

Throughout the CatGrain test campaign, the ignition
timing was held constant. The high-voltage power
supply was powered for two seconds; the arc begins
one second before the run valve opens and continues
for one second after. The ignition energy is calculated
by integration of the power throughout the duration of
the arc. Figure 13 shows the energy consumption over
time, and Figure 14 shows the total energy with
ruthenium infusion. There is a decreasing trend in
ignition energy required as the ruthenium infusion
increases.

Figure 11 shows the calculated specific impulse and
Figure 12 shows the calculated characteristic velocity
results from the CatGrain test campaign. As was
mentioned in earlier and shown in Figure 7, the
characteristic velocity is not expected to vary
significantly with the variation of the catalyst infusion.
There is variation in the characteristic velocity and the
specific impulse, but as expected, there is no strong
correlation to the ruthenium infusion amount.

Figure 10: Specific impulse trend with catalyst
infusion.

Olsen, Whitmore, & Barton

Figure 12: Energy consumption of each fuel grain.

12

36th Annual Small Satellite Conference

reliable and cost-effective for many different SmallSat
applications.
Path Forward
There are many potential follow-on investigations
relating to this work. A wider range of catalysts could
be infused into the fuel grains to ensure that ruthenium
is the best catalyst for Nytrox. Alternatively, the
CatGrains could be used to improve combustion of
other higher density oxidizers, such as high-test
peroxide. The use of higher density oxidizers in
SmallSats would dramatically improve the volumetric
Isp, increasing the propulsion capabilities and thereby
the range of mission applications of SmallSats. The
CatGrain has great potential to improve the state of art
for hybrid rocket thrusters for SmallSats.

Figure 13: Ignition energy trend with catalyst
infusion.
The latency also decreased with catalyst infusion.
Figure 15 shows the trend of ignition latency with
catalyst infusion.

Figure 14: Ignition Latency trend with catalyst
infusion.
CONCLUSION
Nytrox is an oxidizer that possesses several advantages
for use in a hybrid rocket system. These advantages
include higher volumetric specific impulse, it is selfpressurizing, and it is safe to handle. A key drawback
for the use of nytrox in hybrid rockets is the difficulties
associated with ignition.
The success of this catalyst-infused hybrid rocket fuel
grain is groundbreaking. The production of custom
filament enables the use of additive manufacturing to
produce many variations of hybrid rocket fuels.
Because many hydrocarbon polymers lend themselves
well to additive manufacturing, the infusion of catalytic
additives to enhance the combustion of higher density
oxidizers can pave the way for hybrid rockets to be
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